We demonstrate the folded ultrafast nonlinear interferometer (FUNI) as a 3R all-optical regenerator. Faraday rotation provides inherent polarization stabilization, and the optical fiber nonlinear medium provides ultrafast operation and switching window tunability. We demonstrate 3R regeneration of 10-Gbit͞s data with 5-pJ pulse switching energy and 4-ps timing-jitter tolerance. © 2003 Optical Society of America OCIS codes: 320.7080, 190.4360, 060.2330, 060.4370, 070.4340. Transmission penalties imposed by chromatic dispersion and f iber nonlinearity during optical pulse propagation can be overcome by periodic regeneration of the network data pulse train. 3R regenerators reamplify, reshape, and retime optical pulses. In wavelength-division multiplexed networks today, an electronic 3R regenerator is required for each wavelength channel. After optical-to-electronic conversion, single-wavelength channel data are demultiplexed into lower-rate data streams and processed electronically. Finally, the system remultiplexes and remodulates the regenerated electronic data onto the desired optical carrier. Cost prohibits electronic 3R regeneration in high-speed many-channel wavelength-division multiplexed networks. Likewise, limited processing speed prohibits electronic 3R regeneration in ultrafast optical time-division multiplexed networks. A feasible alternative for high-rate networks is all-optical 3R regeneration. All-optical 3R regenerators have been demonstrated for high-speed operation .80 Gbits͞s.
Transmission penalties imposed by chromatic dispersion and f iber nonlinearity during optical pulse propagation can be overcome by periodic regeneration of the network data pulse train. 3R regenerators reamplify, reshape, and retime optical pulses. In wavelength-division multiplexed networks today, an electronic 3R regenerator is required for each wavelength channel. After optical-to-electronic conversion, single-wavelength channel data are demultiplexed into lower-rate data streams and processed electronically. Finally, the system remultiplexes and remodulates the regenerated electronic data onto the desired optical carrier. Cost prohibits electronic 3R regeneration in high-speed many-channel wavelength-division multiplexed networks. Likewise, limited processing speed prohibits electronic 3R regeneration in ultrafast optical time-division multiplexed networks. A feasible alternative for high-rate networks is all-optical 3R regeneration.
All-optical 3R regenerators have been demonstrated for high-speed operation .80 Gbits͞s. 1, 2 Three key elements in an all-optical 3R regenerator are an optical pulse source, clock recovery, and an ultrafast optical switch. Optical switches or logic gates must have data-pattern independence, ultrafast operation, and low-latency processing. In regeneration, however, low latency is unnecessary. Researchers have adapted the nonlinear optical loop mirror optical switch to 3R regeneration. 3, 4 The feasibility of the nonlinear optical loop mirror for 3R regeneration is limited by its sensitivity to acoustic vibration and by contrast degradation between switched and unswitched pulses at higher data rates. The semiconductor-based ultrafast nonlinear interferometer 5 (UNI) has also been demonstrated for 3R regeneration at 80 Gbits͞s. 6 The short length of f iber ͑,10 m͒ and the short semiconductor optical amplifier ͑ϳ1 mm͒ in the UNI provide a low switching latency. Moreover, the UNI single-arm configuration provides insensitivity to acoustic vibrations. Because pseudorandom network data are used to induce switching in regeneration applications, long-lived carrier density recovery times in the semiconductor optical amplif ier ͑ϳ100 ps͒ can cause pattern-dependent amplitude patterning at the output of a semiconductor-based optical switch. There are a variety of techniques to eliminate patterning in semiconductor-based switches. 7 -9 Each of these techniques, however, requires special modulation formats that reduce spectral efficiency. If the acoustic sensitivity and birefringent effects can be eliminated, then optical fiber, with its ultrafast nonlinear index of refraction, is an attractive means of avoiding amplitude patterning.
In this Letter we present a f iber-based ultrafast switch called a folded ultrafast nonlinear interferometer (FUNI). This switch conf iguration is ideal for applications such as 3R regeneration that require high-speed switching and stable operation but do not require low switching latency. The FUNI 3R regenerator achieves ultrafast operation using dispersion-shifted fiber (DSF) as the nonlinear medium. A Faraday mirror in the device ensures polarizationstabilized operation. 10 The FUNI also maintains good contrast between switched and unswitched pulses even at high data rates. In this Letter we demonstrate regeneration of 10-Gbit͞s data streams, using a FUNI that is capable of operating at rates over 100 Gbits͞s.
A block diagram of the FUNI configured for alloptical regeneration is shown in Fig. 1 . Here, both the clock source local to the regenerator and the long-haul network data are synchronized pulse trains at different carrier wavelengths. When the clock pulse arrives at the 3-m segment of birefringent polarization-maintaining fiber (PMF), it is linearly polarized at 45
± to the fast axis. The PMF divides the clock pulse into linear orthogonal polarization components temporally separated by ϳ5 ps. The variable delay is adjusted so that the network data pulse is coupled onto the FUNI to temporally overlap one of the two orthogonal components of the corresponding clock pulse. The data pulse is copolarized with the clock pulse. Commercially available hardware exists to maintain this polarization state for the incoming network data pulses. Clock and data pulses copropagate through a 500-m segment of DSF. The Faraday mirror compensates birefringent effects in the DSF and PMF occurring on time scales longer than one round trip ͑ϳ5 ms͒. In the absence of a temporally overlapped data pulse, the clock pulse is ref lected from the Faraday mirror back through the optical fiber to the polarizer, where it is linearly polarized and rotated by 90 ± . The clock pulse is then ref lected out the polarizer. When a data pulse is present and temporally overlapping one of the orthogonal clock pulse polarizations, a 180 ± relative phase shift is induced between the orthogonal clock pulse polarizations, and the clock pulse transmits through the polarizer and the circulator and exists the FUNI at the regenerated data out port.
Another attractive means of implementing a stabilized f iber switch is to use PMF as the nonlinear medium. 11 However, this technique has a possible disadvantage because the high birefringence of the PMF results in the two orthogonal clock pulse components' temporally overlapping, or walking through, multiple network data pulses during transmission through the device. Thus, the output contrast may be significantly degraded. Also, the data pattern can cause an unpredictable phase shift in these clock pulse components.
The FUNI switching window shown in Fig. 2 (a) shows the intensity of the switched-out clock pulses as a function of the relative temporal delay between the network data and the clock pulses. Each of the two peaks in the data corresponds to the relative delay for which the network data pulse temporally overlaps one of the two orthogonally polarized clock pulse components that are temporally separated in the FUNI. A larger switching window allows the FUNI to tolerate a larger timing jitter in the network data pulse stream that it regenerates. The DSF length and the carrier wavelengths of the clock and data pulse streams can alter the width of the switching window. Chromatic dispersion in the DSF results in different group velocities for distinct data and clock pulse train carrier wavelengths. As a result, the appropriate choice of data and clock pulse train wavelengths results in a slow walk-through between the two pulses inside the switch. A larger walk-through increases the range of possible arrival times for network data pulses at the switch while still ensuring overlap of the local clock pulse component at some point in the DSF. This produces a f lattened switching window, increasing the tolerance to jitter on the network data. Each peak of the switching window shown in Fig. 2(a) has a FWHM of approximately 5 ps.
The FUNI retimes the network data pulse train by replacing the network data pulse train with locally generated low-jitter clock pulses modulated with the network data pattern. Figure 2(b) shows the FUNI's tolerance to network data timing jitter. In this experiment, a 10-GHz repetition-rate clock pulse stream was set to 1550 nm with 660-fJ pulse energy. The 10-Gbit͞s data pulse stream was set to 1545 nm with 5.6-pJ pulse energy, onto which was modulated a 2 31 2 1 length pseudorandom binary sequence. This switching energy is typical for fiber-based switches, 3, 4 but using a longer f iber in the FUNI can reduce the required switching energy. Both pulse trains had 2-ps FWHM pulses. The clock and data pulse energies were measured before the DSF in the FUNI. To minimize uncontrolled timing jitter between the two pulse trains, we used a single synthesizer to drive both fiber mode-locked lasers. Controllable timing jitter was added by a manual variable optical time delay in the network data path. The FUNI regenerated output was sent to an optically preamplified receiver and optimized for 10 211 bit-error rate operation with an optical power input to the receiver of 232 dBm. We then adjusted the optical time delay to simulate a fixed amount of timing delay on the network data, and the bit-error rate was measured. Figure 2(b) shows that the FUNI 3R regenerator can compensate for up to 4.5 ps of timing jitter while still maintaining error-free performance (bit-error rate ,10 29 ). Note that the features observed in the bit-error rate trace are not as sharp as those of the switching window because temperature-induced walk-off between the network and clock pulses at the input of the FUNI is significant during the extended times required for measurement of low bit-error rates. Network data pulse reshaping is another important function required for all-optical 3R regenerators. The FUNI reshapes data pulses by replacing distorted pulses with transform-limited local clock pulses. Figure 3(a) shows the experimental setup used to verify the switching quality of the FUNI. The setup is similar to that used to test the FUNI tolerance to network data timing jitter [ Fig. 2(a) ]. One important difference is that two distinct 10-GHz rf synthesizers were used to drive the mode-locked f iber lasers generating the clock and data pulse trains. Synchronization between pulse trains is achieved with an optoelectronic dithering phase-locked loop, and pulse-to-pulse timing jitter in the network data is removed by the FUNI. The 10-GHz repetition-rate local clock pulse stream was set to 1550 nm with 170-fJ pulse energy. The 10-Gbit͞s network data pulse stream was set to 1545 nm with 4.7-pJ pulse energy, onto which was modulated a 2 31 2 1 length pseudorandom binary sequence. Both pulse trains had 2-ps FWHM pulses. The output of the FUNI was sent to an optically preamplified receiver, and the bit-error rate was measured as shown in Fig. 3(b) . The FUNI error-rate curve indicates a small 0.5-dB power penalty at an error rate of 10 29 compared with the baseline transmitter and receiver performance measured without the optical switch present. We believe that a small gain ripple in the receiver's preamplifier between the 1545-nm baseline and the 1550-nm regenerated signal caused this power penalty.
In conclusion, we have presented a novel optical switch called a folded ultrafast nonlinear interferometer that provides inherent polarization-stabilized operation. This device is well suited to 3R optical regeneration of high-rate short-pulse data streams. The nonlinear medium in this demonstration is dispersion-shifted f iber, which provides a nearly instantaneous nonlinear index of refraction. The DSF allows us to tune the switching window to increase tolerance to timing jitter. The Faraday mirror makes the FUNI inherently polarization stable by eliminating polarization drifts in the optical f iber nonlinear medium. We have demonstrated the FUNI as an all-optical regenerator of 10-Gbit͞s pseudorandom data streams with an inherent tolerance to timing jitter of up to 4 ps at 10 29 error rates.
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